Despite the fundamental importance of single nucleotide polymorphisms (SNPs) to human phenotypes there are still large gaps in our understanding of the forces that shape their distribution across the genome. SNPs have been shown to not be distributed randomly, with directly adjacent SNPs found more often than expected by chance. Why this is the case is unclear. In this study we illustrate how neighbouring SNPs are driven by distinct mutational processes and selective pressures. By characterising multi-nucleotide polymorphisms (MNPs) across multiple populations, including a novel cohort of 1,358 Scottish genomes, we show that, like SNPs, MNPs display distinct mutational spectra across populations. These biases are though not only different to those observed among SNPs, but more clearly define population groups. The changes that make up MNPs are not independent, with CA → CG → T G changes observed an order of magnitude more often than other changes involving the gain and subsequent deamination of CpG sites, suggesting these changes are driven by a distinct mutational process. In coding regions these particular biases have favoured the creation of single codon amino acids, offsetting the low frequency with which they are created by SNPs. Intriguingly selection has favoured particular pathways through the amino acid code, with epistatic selection appearing to have disfavoured sequential non-synonymous changes.
Introduction 1
In this study we focused on compound MNPs comprising two neighbouring changes 28 (sometimes referred to as dinucleotide polymorphisms [14] ) that cannot be readily 29 explained by a single mutational event, and investigate whether they simply reflect two 30 independent but neighbouring polymorphisms or whether the second change depends on 31 the first. The human mutation spectrum has diverged between human populations, with 32 particular SNPs in particular sequence contexts more common in different continental 33 groups [15] . Accordingly, we also explore whether MNP frequencies have diverged 34 between population groups and whether any divergence simply mirrors the previously 35 observed differences in SNP frequencies. We also characterise the functional importance 36 of these MNPs by studying the selective pressures acting upon them and whether they 37 have favoured particular pathways through the amino acid code. 38 
Results

39
To investigate the frequency of neighbouring mutations in different populations we 40 defined MNPs in the 1000 genomes phase 3 dataset [16] using the approach illustrated 41 in Fig 1. Although MNPs cover a broad class of linked polymorphisms, in this study we 42 focused specifically on those comprising two neighbouring nucleotide changes that, due to 43 being found at different frequencies, cannot be readily explained by a single mutational 44 event. All of these MNPs were annotated with respect to their ancestral alleles, triplet 45 nucleotide context and occurrence in each individual (see methods), allowing us to infer 46 the order of nucleotide changes. SNPs were defined in the same way to enable direct 47 comparisons of their frequencies to MNPs. 48 We observed that a typical individual carries over 43,000 of these compound MNPs 49 (mean of 43,014, minimum of 37,218 and maximum of 50,676) of which on average 50 27 fall within a protein coding region. The distribution of MNPs across the genome 51 broadly follows that of SNPs (S1 Fig to S5 Fig) , with the exception of the major 52 histocompatibility complex on chromosomes 6, a region under strong positive selection 53 due to its role in antigen presentation [17] , that carries an unusually high proportion of 54 MNPs despite its high SNP density (S6 Fig) .
MNPs show biases between humans populations distinct to those 56 among SNPs 57 Despite being a reduced summary statistic compared to individual genotypes, comparisons 58 of the frequency of SNPs found in different triplet contexts between individuals has 59 been shown to separate out the major human population groups [15] . This may be 60 due to differences between populations in the large number of genes that control DNA 61 mutation and repair. Characterisation of the individual SNPs that make up MNPs 62 recapitulates the patterns observed in this previous study. Principal component analysis 63 of the frequencies of the first and second changes in compound MNPs, defined by their 64 sequence context, show highly similar patterns to that observed in [15] (Fig 2A and B) . 65 To explore whether the separation between populations in these two PCA was being 66 driven by the same mutational biases, we calculated the differences in the frequencies of 67 the changes occurring as the first or second change in MNPs. If the first and second 68 change in MNPs showed the same biases between populations, then continental groups 69 should not still separate in a PCA of these differences. However, as seen in S7 Fig 70 the major populations are as effectively separated as before, indicating that different 71 populations show different biases for the first and second mutations in MNPs. 72 Consequently the individual changes that make up MNPs display similar abilities 73 to separate population groups as SNPs. However, despite their more limited numbers, 74 the frequency of MNPs can even more effectively separate out the major human sub-75 populations ( Fig 2C) ; with certain types of MNPs in specific nucleotide contexts enriched 76 in different populations. Surprisingly, unlike the PCAs of individual SNPs, the American 77 continental group separates in this analysis, in part driven by a depletion for CG → 78 T G → T A MNPs among these individuals ( Fig 3A) . In contrast MNPs are relatively 79 depleted at AT rich triplets in African populations, and in particular MNPs where the 80 mutations have the effect of switching AT base composition between strands (i.e. that 81 involve multiple neighbouring A : T → T : A or T : A → A : T mutations; Fig 3B) .
82
Fig 2D
illustrates it is possible to also effectively separate population groups using an 83 even simpler summary statistic than SNP or MNP frequencies classified by their triplet 84 context. Plotting the number of MNPs against the number of SNPs in each individual 85 also effectively separates the major continental groups, including the relatively admixed 86 Americas group. This suggests the net rate of accumulation of MNPs relative to that 87 of SNPs has not been the same across human populations, with African populations 88 carrying a relative excess of MNPs, while Asian populations carry a lower number than 89 expected compared to other groups. 90 Consequently, MNPs show different mutational spectra across populations that are 91 distinct and more pronounced than those among SNPs, which can effectively separate 92 major population groups.
93
CpG deamination is not sufficient to explain MNP variation 94 Intriguingly, the results in S7 Fig imply that the first and second mutations in MNPs 95 are not driven by the same processes, with different biases between populations. To 96 investigate this further we characterised the types of mutations observed as the first and 97 second change in MNPs classified again by base change and triplet context. To ensure 98 that batch effects and sequencing artefacts did not confound this analysis we replicated 99 it across two independent datasets. The global set of 2504 genomes sequenced by the 100 1000 genomes consortium used above, as well as a novel dataset of 1358 Scottish genomes 101 from the Lothian Birth Cohorts 1921 and 1936 [18, 19] , whole genome sequenced at a 102 mean depth of 36X.
change. As shown in Fig 4 a clear role of CpG dynamics in shaping MNPs is observed. 106 Methylated cytosines immediately followed by a guanine (i.e. CpG sites) are known to 107 be particularly prone to deaminate to a thymine, with mutation rates at these sites up 108 to 18 times higher than at other dinucleotides [20] . As shown in Fig 4, the first mutation 109 in MNPs is more likely to create a new CpG site, with the second change more likely to 110 lead to the loss of one. This suggests that a dominant factor underlying MNPs is an 111 initial mutation that creates a new CpG site, which subsequently rapidly mutates. This 112 signature is observed across both the 1000 genomes and Lothian Birth Cohorts S8 Fig. 113 This raises the question as to whether MNPs simply reflect the known mutational 114 profiles of SNPs (S9 Fig) . To explore this we determined the expected frequency of each 115 MNP in the genome given the observed frequencies of its constituent changes among 116 SNPs (see methods for more details). Although moderate correlations were seen between 117 these expected and observed counts ( Fig 5) , background single nucleotide mutation rates 118 (as indicated by intergenic SNP frequencies) explain only just over half of the variation 119 in counts between MNPs (negative bionomial regression McFadden's psuedo-R 2 : 0.57 120 (Lothian Birth Cohort), 0.61 (1000 Genomes Cohort)). Substantial outliers were observed, 121 where the frequencies of MNPs in the genome do not match what would be expected 122 from the rates of changes among SNPs. In particular the frequencies of MNPs involving 123 CA → CG → T G changes (and their complement T G → CG → CA) occur over an 124 order of magnitude more frequently than expected given the frequency of the constituent 125 changes among SNPs ( Fig 5) . Notably, they also occur over an order of magnitude 126 more often than other changes that involve the creation and subsequent deamination 127 of CpG sites. Whereas 10633 intergenic CAG → CGG → T GG changes were observed 128 in the 1000 genomes population there are only 1038 intergenic CT G → CGG → T GG 129 changes, despite both changes leading to a similar creation and loss of CpG sites. This 130 implies that a distinct process where an initial A : T → G : C change is favoured has led 131 to the comparatively high frequency of these changes, and not simply CpG dynamics. 132 Modelling the interaction between these two factors (original base change and the impact 133 of changes on CpG sites) using regression analysis confirms that the importance of 134 different types of CpG site change depends on the form of the original base change (S10 135 Fig) . 136 Further mutational biases specific to MNPs are observed. For example TTA to TTT 137 polymorphisms are more common as the second change in an MNP than the first, and 138 MNPs containing two consecutive A : T → T : A changes are more common than expected 139 given the frequency of the same changes among SNPs (Fig 4 and Fig 5) . Consequently 140 although the turnover of CpG sites drives the creation of a large proportion of MNPs, 141 further mutational processes appear to be contributing to different biases not only 142 between MNPs and SNPs, but also between the first and second changes of neighbouring 143 polymorphisms. is though only 17% if the original ancestral codon was TTG ( Fig 6A and Table 1 ). To 159 minimise the potential impact of batch effects and sequencing artefacts we again sought 160 replication for this observation in the independent Lothian Birth Cohort collection of 161 Scottish genomes and this difference was found to be highly significant in both datasets 162 ( Fig 6B) .
163
There appear therefore to be constraints on the second change in MNPs dependent 164 on their original ancestral state. This phenomenon is not exclusively restricted to inter-165 mediate triplets containing just adenines and thymines. For example, ACA intermediate 166 triplets are more likely to be linked to an ATA final triplet if the ancestral triplet was 167 CCA than if it was ACG ( Fig 6A+B) . 168 Coding MNPs have favoured the creation of single codon amino 169 acids 170 We next investigated the impact of these particular mutational biases of MNPs on coding 171 regions. To do this we compared the observed number of amino acid changes among 172 MNPs to the corresponding number among coding SNPs (Fig 7) . The particular biases 173 of MNPs noted above has meant that their impact on coding regions is substantially 174 different to that of coding SNPs, with different amino acid changes favoured (Fig 7, 175 S11 Fig) . Nine out of ten of the most common coding MNPs involve the previously 176 described CA → CG → T G change enriched among MNPs, and as a result of the layout 177 of the amino acid code the bias for this change has led to the preferential creation 178 of the single codons that code for methioinine and tryptophan (logistic regression of 179 frequencies of changes that create these single codon amino acids to the frequencies 180 of all other changes: P = 6.4x10 −04 ). T hr ACA → T hr ACG → M et AT G is the most 181 common coding MNP, with Gln CAG → Arg CGG → T rp T GG the fourth most common 182 change (Fig 7) . The mutational biases of MNPs and organisation of the amino acid 183 code have therefore combined to favour the creation of single codon amino acids. This is 184 particularly intriguing given these amino acids are difficult to create from individual 185 mutations, which is therefore partially compensated for by the particular mutational 186 biases of MNPs.
187
To investigate the potential impact of selection acting on coding MNPs we compared 188 the frequencies of coding and intergenic MNPs, under the assumption that intergenic 189 MNPs are under comparatively little selection and provide a baseline of background 190 mutation rates. A noticeable difference to the previous comparison with coding SNPs 191 is that the first change of coding MNPs is depleted with a number of the changes that 192 create a CpG site (Fig 7, S12 Fig) . MNPs where the first mutation is non-synonymous 193 (missense, stop gained or lost) are depleted among coding regions, likely reflecting their 194 removal by selection, with the notable exception of the Gln CAG → Arg CGG → T rp T GG 195 change leading to the creation of the tryptophan codon that is enriched in coding regions 196 (S13 Fig) . Accounting for background MNP rates the T hr ACA → T hr ACG → M et AT G 197 pathway through the amino acid code also remains unusually enriched among coding 198 MNPs.
199
To explore the mutational profiles of coding MNPs further, we compared the nor-200 malised frequencies with which MNPs occur on the coding and non-coding strands 201 of genes. Selection on MNPs in genes is expected to depend on the changes with 202 respect to the coding strand, suggesting that differences in the occurrence of partic-203 ular changes on the two strands is attributable to stronger selection on the change 204 when on the coding strand than its reverse complement. Although the majority 205 of MNPs show similar frequencies across both strands, as shown in Fig 8 a subset 206 of MNP changes are comparatively enriched on the coding strand of genes, includ-207 ing both the T hr ACA → T hr ACG → M et AT G and Gln CAG → Arg CGG → T rp T GG 208 changes. Of the five MNPs significantly enriched on the coding strand, only one; 209 P ro CCG → P ro CCA → Leu CT A does not involve a CA → CG → T G change. The 210 reverse complement of this change is Arg CGG → T rp T GG → Stop T AG suggesting that 211 this MNP is comparatively infrequent on the coding strand due to it leading to the 212 introduction of a deleterious stop codon. 213 We conclude that although particular changes are favoured by MNP mutation rates, 214 selection has preferentially removed changes passing through stop or a subset of missense 215 codons, leaving changes that create single codon amino acids comparatively unaffected. 216 Together, this has led to MNPs shaping coding regions differently to SNPs.
217
Evidence for epistatic selection at neighbouring coding polymor-218 phisms 219 We finally investigated whether there is evidence of epistatic selection acting across the 220 polymorphisms that make up coding MNPs i.e. whether the selective pressure acting on 221 a nucleotide change depends on neighbouring changes. The amino acid code is thought 222 to have been optimised so that physically similar amino acids have been brought together 223 at neighbouring positions [21] . This ensures that the negative effect of a single mutation 224 is minimised. By extension though, this means that two successive missense mutations 225 in a codon are potentially more deleterious than one, despite the net effect still being one 226 amino acid change. If the impact of an original missense mutation on fitness depends on 227 the form of subsequent neighbouring polymorphisms (missense or synonymous), then 228 this would suggest epistatic selection has partly shaped the frequencies of coding MNPs. 229 To explore this hypothesis we focused on MNPs where the initial mutation led to a 230 missense change, and characterised whether the strength of selection acting upon this 231 initial change depends upon subsequent neighbouring mutations. We used multiple linear 232 regression to control for potential confounders (background rates of MNPs at intergenic 233 regions, the number of different codons that encode the final amino acid and the impact 234 on CpG sites of each change in the MNP). S14 Fig shows that MNPs made up of two 235 successive missense changes are less frequently observed in the genome when compared 236 to missense changes followed by a subsequent synonymous change (P=0.0044, false 237 discovery rate=0.0084). The frequency of missense-synonymous MNPs in the genome 238 is on average 35% higher than missense-missense MNPs after accounting for intergenic 239 MNP rates, CpG mutability and codon frequency.
240
Although single codon amino acids appear to have been generally favoured by MNPs, 241 having accounted for this effect, the creation of a methionine codon following an original 242 missense change in fact occurs particularly infrequently relative to synonymous changes 243 (P=0.00052, false discovery rate=0.0013). Consequently the impact of missense changes 244 on fitness appears to depend on the form of subsequent neighbouring mutations, and 245 epistatic selection between neighbouring coding polymorphisms has helped shape the 246 frequency of MNPs in the human genome. Although the changes that make up MNPs have been traditionally categorised as SNPs, 249 we have shown they appear to be driven by distinct mutational processes. Although the 250 creation and subsequent deamination of CpG sites underlies a large proportion of MNPs, 251 we show, we believe for the first time, that CA → CG → T G changes are substantially 252 overrpresented relative to other changes that involve the gain and deamination of a 253 May 20, 2018 6/36
CpG site. This suggests a distinct mutational process is driving this bias for these 254 specific changes. The creation of new G:C base pairs is often attributed to biased gene 255 conversion (BGC) that favours weak (A:T) to strong (G:C) basepair changes. However, 256 previous studies have found little evidence of a strong effect of BGC on genome-wide 257 mutational profiles [15, 22] , and, for example, T : A → G : C changes are not similarly 258 enriched among the first change of MNPs, suggesting a distinct mutational process is 259 potentially driving the elevated rate of these polymorphisms.
260
As with SNPs, MNP mutational profiles appear to differ between human groups, 261 but, unlike SNPs, MNP rates can more clearly define populations. In contrast to SNP 262 mutational profiles, the MNP profiles of the Americas populations distinguishes them 263 from other continental groups, in part driven by a depletion of CG → T G → T A changes 264 among these individuals. The larger spectrum of changes among MNPs, and the fact 265 that the changes in MNP are not independent, and do not simply reflect underlying 266 SNP rates, likely provides the greater resolution in defining populations.
267
Not all common MNPs are associated with CpG sites. In particular, changes at AT 268 rich triplets show population differences and enrichment among African populations. The 269 second change in AT-rich MNPs also often appears dependent on the original ancestral 270 sequence. One potential explanation for this is a role for homologous recombinational 271 repair among these MNPs. Recombination based repair mechanisms transfer nucleotide 272 sequence information between chromosome copies, and as a result between ancestral 273 and derived haplotypes. The second changes in these MNPs may therefore reflect errors 274 in this repair process, potentially arising due to the pre-existing mismatch between 275 chromosomal copies. Alternatively constraints on the sequence composition of regions 276 may lead to biases towards those maintaining local nucleotide composition. 277 An intriguing consequence of the bias for the creation and subsequent loss of CpG 278 sites among MNPs is the fact that this favours the creation of methionine and tryptophan 279 codons due to the specific arrangement of the amino acid code. As both codons contain a 280 TG dinucleotide they are readily created by the preference for CA → CG → T G changes. 281 This therefore partly offsets the fact that these amino acids are more rarely created by 282 single mutations due to being only encoded by a single codon. Among coding MNPs the 283 creation of new methionine codons is the most common of all double mutations, even 284 when accounting for background mutation rates. 285 Nonadditive, i.e. epistatic, genetic interactions have been proposed to underlie a 286 range of phenomenon such as the missing heritability of phenotypes, but detecting such 287 interactions in humans has proven difficult [23] . Previous studies have suggested that 288 the strength of selection acting upon a coding variant may depend on the alleles carried 289 at other variants nearby. For example [12] showed that putatively functional coding 290 variants are less often observed on more highly expressed regulatory haplotypes. In this 291 study we showed that, when accounting for factors such as background mutation rates 292 and the impact of CpG deamination, an original non-synonymous change is less often 293 than expected followed by a non-synonymous change in the same codon. This suggests 294 that the strength of selection acting upon the original missense mutation depends on 295 the type of change that follows it, despite the net effect still being a single amino acid 296 change. This result is broadly consistent with a previous study of mutations across 297 different codons in proteins that suggested the fitness of a given non-synonymous change 298 can depend on other nonsynonymous changes elsewhere in the protein [13] . However, an 299 assumption made to varying degrees by all these studies is that missense changes can 300 be grouped, and that their impact on fitness is broadly similar. Even larger sequencing 301 cohorts, such as those being generated as part of the UK Biobank [24] , would help refine 302 this analysis and the epistatic selection acting upon individual types of intermediate 303 missense changes.
304
Consequently human mutation profiles appear more complex than previously thought, 305
May 20, 2018 7/36 with neighbouring polymorphisms driven by distinct mutational processes. These MNPs 306 are under unusually strong selective pressure and have played an important and distinct 307 role in shaping human protein evolution.
308
Materials and methods
309
Variant calling 310 1000 genomes consortium version 3 phased haplotypes along with information on their 311 ancestral alleles were obtained from http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/ 312 release/20130502/. After excluding variants with missing or low confidence ancestral 313 allele annotations, neighbouring variants where both derived alleles were observed 314 together on the same haplotype were flagged as potential MNPs. As the focus of this 315 analysis was on MNPs originating from two neighbouring mutation events, only MNPs 316 where haplotypes also existed which carried the derived allele at one but not the other 317 variant were kept, i.e. the two changes were onserved at different frequencies. See Fig 1 318 for more details on how MNPs were defined in this study. Due to the very low probability 319 of recombination events occurring between neighbouring bases in the human genome, we 320 also excluded MNPs where both combinations of one derived and one ancestral allele 321 were observed. Following this filtering 377,766 neighbouring pairs of polymorphisms 322 remained.
323
Illumina HiSeq X paired-end sequencing data for 1370 Lothian Birth Cohort [18, 19] 324 individuals (mean sequencing depth of 36X) were aligned to the build 38 version of the 325 human reference genome using BWA [25] . Variants were called using GATK [26] accord-326 ing to its recommended best practices. This included the use of GATK's HaplotypeCaller 327 software that implements read based phasing of nearby alleles. After checking identities 328 with previous array data, excluding duplicate individuals and those displaying excessive 329 levels of heterozygosity 1358 individuals remained. All SNP coordinates were then lifted 330 over to build 37 so as to match the 1000 genomes dataset using Crossmap [27] . An-331 cestral sequences available at ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/phase1/ 332 analysis_results/supporting/ancestral_alignments/ were used to determine the 333 ancestral alleles of each SNP, and as with the 1000 genomes data only those variants 334 with high-confidence calls were kept (see [28] for more details). MNPs were subsequently 335 called using the same approach as the 1000 genomes data. 336 All SNPs were annotated using variant effect predictor (VEP, [29] ) with gene models 337 from the version 85 release of Ensembl. MNPs were subsequently re-annotated using 338 custom python scripts to correctly annotate the consequence of the double base change 339 in coding regions.
340
All non-coding SNPs and MNPs were defined with respect to their triplet context on 341 the reference strand. This meant that all non-coding MNPs were recorded twice, once 342 with respect to their immediate 5' neighbour and once with respect to their 3' neighbour 343 (Fig 1) . non-coding SNPs were recorded with respect to all three frames within which 344 they fell. On the other hand coding polymorphisms were recorded with respect to just 345 the actual codon within which they occurred. This enabled the direct comparison of 346 SNP and MNP frequencies inside annotated codons to matching triplet bases outside of 347 coding regions.
348
Calculating observed and expected frequencies 349 The frequencies of particular mutation types were calculated as in previous studies of 350 SNPs [15] . First, the number of distinct changes in a particular triplet context (m) was 351 counted in each population (P). Then this count, C p (m) was converted to a frequency by 352 In various analyses the two changes that comprise an MNP were separated into those 356 that came first (i.e. the derived allele at just one of the two nucleotides is observed by 357 itself in the population, see Fig 1) and those that came second. Their frequencies were 358 also calculated as above.
359
The expected MNP frequencies were derived from background SNP frequencies by 360 calculating the conditional probability of observing an MNP comprising the corresponding 361 two changes (Eq 1). 362 P (Change1 then Change2) = P (Change1) · P (Change2|Change1)
Where P (Change1) is the proportion of SNPs displaying the corresponding change 363 when defined by their triplet context. P (Change2|Change1) is the proportion of SNPs 364 displaying the same change as change 2 among all SNPs with the same ancestral triplet 365 and where the change is at a position in the triplet neighbouring the location of the 366 first change. For example, if the first change was AAA>ATA and the second change 367 ATA>ATC, P (Change2|Change1) would correspond to the number of ATA>ATC 368 intergenic SNPs divided by the sum of all ATA>ATB and ATA>BTA changes (where B 369 can be any nucleotide except A). This therefore accounts for the fact that the second 370 change in an MNP had to occur at a base neighbouring, but not at, the location of the 371 first, and involve the triplet the first change had created.
372
Statistical analyses 373
To test whether the impact of CpG dynamics on MNP numbers depended on the form of 374 the original base change, we fit the negative binomial generalized linear model specified 375 in Eq (2) . Where obsM N P Count i corresponds to the observed number of MNPs of type i (e.g. 377 AAA>ATA>ATT), expM N P Count i is the expected number given background SNP 378 frequencies (see Eq 1) and f irstBaseChange i and cpgChange i are the first base change 379 and impact of both changes on any CpG sites respectively. The significance of the 380 interaction term was assessed using ANOVA.
381
Significance testing in Fig 4 and S8 Fig was carried out as in [15] i.e. we used their 382 iterative approach of undertaking conditionally independent chi-square tests to try and 383 minimise false positive significant results. To test for the enrichment of specific codon 384 changes among coding MNPs, having accounted for background rates of coding SNP and 385 intergenic MNP changes, we used multiple linear regression as specified in Eq 3 to Eq 6. Multiple linear regression was also used in the test for epistatic selection among 398 coding MNPs as specified in Eq 7.
Where codingM N P Count i is the number of each MNP, i, in the genome where i is 400 restricted to the 1628 MNPs where the first change is missense. intergM N P Count i is 401 the count of the same MNP, i, in intergenic regions. f uncClass2 i is the functional impact 402 of the second change in MNP i, and cpgChange1 i and cpgChange2 i are the impact on 403 CpG sites of the first and second changes in the MNP respectively. codonCount i is the 404 number of codons that encode the final amino acid created by the MNP, to account 405 for the fact that amino acids with only one codon are generally favoured by MNPs. A 406 goodness-of-fit test confirmed that the Poisson model suitably fit the data (Chi-squared 407 p=0.997). Fig 1. Defining the MNPs studied in this analysis. In this study we focused on MNPs involving neighbouring nucleotides that could not be readily explained by a single mutational event. Haplotypes containing just one of the two changes that make up the MNP had to be observed among the individuals (we assumed that reverting mutations and recombination events between neighbouring bases were rare). Using information on which alleles were ancestral we then inferred the order of changes, with each MNP recorded twice, according to their immediate 5' and 3' nucleotides. This allowed downstream analysis of their impact on codons and comparisons to SNPs in the same triplet contexts. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · Second change vs first change GCG  TCG  CCG  ACG  CGC  CGA  CGG  CGT  AAC  TAC  GTA  GTT  ATA  GAA  TTC  GTC  ATC  ATT  TTA  TAT  GAT  AAT  GAC  TAA  TTT  AAA  TGT  CAT  CAC  CAA  CTT  CTA  CTC  TGA  TGC  AGT  GGT  GGC  AGC  AGA  GGA  GTG  TTG  ATG  ACA  TAG  AAG  GAG  GCA  TCA  ACT  ACC  GCC  TCC  TCT  GCT  CTG  CAG  TGG  CCA  CCT  CCC  AGG 
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · First change vs single change GCG  TCG  CCG  ACG  CGC  CGA  CGG  CGT  AAC  TAC  GTA  GTT  ATA  GAA  TTC  GTC  ATC  ATT  TTA  TAT  GAT  AAT  GAC  TAA  TTT  AAA  TGT  CAT  CAC  CAA  CTT  CTA  CTC  TGA  TGC  AGT  GGT  GGC  AGC  AGA  GGA  GTG  TTG  ATG  ACA  TAG  AAG  GAG  GCA  TCA  ACT  ACC  GCC  TCC  TCT  GCT  CTG  CAG  TGG  CCA  CCT  CCC  AGG 
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · Second change vs single change GCG  TCG  CCG  ACG  CGC  CGA  CGG  CGT  AAC  TAC  GTA  GTT  ATA  GAA  TTC  GTC  ATC  ATT  TTA  TAT  GAT  AAT  GAC  TAA  TTT  AAA  TGT  CAT  CAC  CAA  CTT  CTA  CTC  TGA  TGC  AGT  GGT  GGC  AGC  AGA  GGA  GTG  TTG  ATG  ACA  TAG  AAG  GAG  GCA  TCA  ACT  ACC  GCC  TCC  TCT  GCT  CTG  CAG  TGG  CCA  CCT  CCC  AGG  GGG  1− · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · Second change vs first change ACG  TCG  GCG  CCG  AAC  GAT  GAC  TAC  TTC  GTC  GTT  TAA  ATC  TAT  GAA  AAT  CGG  CGA  CGC  CGT  TTA  ATT  GTA  ATA  TTT  AAA  CTT  CTA  TGT  CAC  CAT  CAA  CTC  TGC  TGA  AGA  AGT  GGT  AGC  GGA  GTG  GAG  TAG  ATG  ACA  AAG  TTG  ACC  ACT  TCT  TCA  GCA  GCT  TCC  GCC  CAG  CTG  CCA  TGG  CCT  GGC  GGG  AGG · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · First change vs single change ACG  TCG  GCG  CCG  AAC  GAT  GAC  TAC  TTC  GTC  GTT  TAA  ATC  TAT  GAA  AAT  CGG  CGA  CGC  CGT  TTA  ATT  GTA  ATA  TTT  AAA  CTT  CTA  TGT  CAC  CAT  CAA  CTC  TGC  TGA  AGA  AGT  GGT  AGC  GGA  GTG  GAG  TAG  ATG  ACA  AAG  TTG  ACC  ACT  TCT  TCA  GCA  GCT  TCC  GCC  CAG  CTG  CCA  TGG  CCT  GGC  GGG  AGG · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · Second change vs single change S14 Fig. Testing for epistatic selection across neighbouring, coding nucleotide changes. Restricting the analysis to MNPs where the first change leads to a missense change in coding regions we tested whether the frequency of these MNPs was related to the consequence of the second change. We controlled for the number of codons that encode the final amino acid, the impact of the first and second changes in the MNP on CpG sites and the corresponding frequency of the same MNPs in intergenic regions in this analysis. See Eq 7 in the methods section for more details. 33/36
